Dysregulated lipid species are linked to various disease pathologies and implicated as potential biomarkers for type 1 diabetes (T1D). However, it is challenging to comprehensively profile the blood specimen lipidome with full structural details of every lipid molecule. The commonly used reversed-phase liquid chromatography-tandem mass spectrometry (RPLC-MS/MS)-based lipidomics approach is powerful for the separation of individual lipid species, but lipids belonging to different classes may still co-elute and result in ion suppression and misidentification of lipids. Using offline mixed-mode and RPLC-based two-dimensional separations coupled with MS/MS, a comprehensive lipidomic profiling was performed on human sera pooled from healthy and T1D subjects. The elution order of lipid molecular species on RPLC showed good correlations to the total number of carbons in fatty acyl chains and total number of double bonds. This observation together with fatty acyl methyl ester analysis was used to enhance the confidence of identified lipid species. The final T1D serum lipid library database contains 753 lipid molecular species with accurate mass and RPLC retention time uniquely annotated for each of the species. This comprehensive human serum lipid library can serve as a database for high-throughput RPLC-MS-based lipidomic analysis of blood samples related to T1D and other childhood diseases.
Introduction
Besides of being essential structural components of cell membrane, lipids have other distinctive biochemical roles in providing a hydrophobic environment for membrane proteins, assisting cell signaling process, regulating action of hormones, and storing biochemical energy [1, 2] . Dysregulation of lipid metabolism has offered critical insights into the pathogenesis of complex diseases, and lipids are identified as biomarkers to cancers, diabetes, and Alzheimer's and other inflammatory diseases [3, 4] . While clinical type 1 diabetes (T1D) features metabolic dysregulation of some serum lipid species, interestingly, changes in lipidome appear to precede hyperglycemia or even the appearance of islet autoimmunity [5] [6] [7] .
Biomarkers can be either secreted or leaked from pathologic tissues to bloodstream. Although cell, tissue, and biofluid samples are routinely used to study diseases, blood plasma and serum are the most commonly used specimen for clinical diagnostics because of their availability [8] . However, significant analytical challenges are associated with this type of complex specimen, namely the identification of the low abundant lipids and the differentiation of isobaric and isomeric species commonly exist in glycerophospholipids and Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00216-019-01997-7) contains supplementary material, which is available to authorized users. glycerolipids classes. Because of these, most of the lipids reported in the literature were characterized to the level of summed composition, i.e., total number of carbon and double bonds in the fatty acyls, which results in ambiguity in characterizing the exact molecular structure and, in turn, hinders further investigation into the roles of these lipids in biological processes [9] .
Liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) is increasing used for untargeted lipidomic analysis owing to the increases in LC resolving power, decreasing particle size, novel column chemistry, and new separation mechanisms [10] [11] [12] [13] [14] [15] . The popularity of RPLC-MS-based method can be further explained by several advantages such as more reliable identifications of individual lipid species exist at trace level and the separation of isomeric and isobaric lipids with reduced ion suppression [11, 12, 16] . Software, such as LipidBlast, LipidSearch, LipidMiner, and MzMine2, were developed to process LC-MS/MS-based untargeted lipidomics data and to handle the need of automated data processing [17] [18] [19] [20] . These software use in silico generated mass fragment libraries-many based on LIPID MAPS (https://www. lipidmaps.org/)-for lipid spectrum annotation. The drawback of providing a large database for lipidomic profiling in compound identification is the prevalence of false-positive identifications. Incorporating LC retention time information into the database search could greatly reduce the search space and improve the search accuracy. In this respect, accurate mass and time tag approach has been developed for proteomics [21, 22] and more recently applied to metabolomics [23] , but rarely this approach has been used in lipidomics [24] .
Previously, we developed an offline two-dimensional LC-MS/MS method for untargeted lipidomic profiling [12] . In this approach, a mixed-mode LC and RPLC coupled to a high-resolution mass spectrometer was demonstrated to double the lipidomic coverage for complex tissue and plasma samples in comparison to RPLC-MS/MS alone. More importantly, very reproducible retention time and high mass measurement accuracy was achieved for each lipid molecular species. In current work, we apply this approach for a comprehensive identification of lipids in T1D patient sera. Total lipids extracted from pooled sera were fractionated using mixed-mode LC based on the head group of each lipid class; collected fractions were further separated on a RPLC-MS/MS platform established in our laboratory, composed of C30 column and a high-resolution, fast scanning benchtop Q-Orbitrap mass spectrometer. In total, 753 lipid molecular species were confidently identified and used to build an in-house lipid library with each lipid species annotated with LC retention time and accurate mass.
Materials and methods

Human serum samples and total lipid extraction
De-identified serial human serum samples were obtained from the Diabetes Auto Immunity Study in the Young (DAISY) cohort. The DAISY study protocol was approved by the Institutional Review Board of the University of Colorado and detailed study design and methods have been previously published [25, 26] . Written informed consent were obtained for all study participants from a parent or legal guardian. Samples were stored at − 80°C prior to analysis. Analysis of these samples was also approved by the Institutional Review Board of the University of North Carolina at Greensboro. All research was performed in accordance with relevant guidelines/regulations.
In total, serum samples from 50 subjects were selected from two groups: type 1 diabetes (T1D) group comprised of children who developed islet autoimmunity and progressed to T1D and the control group from children who remained negative islet autoimmunity at all times. Four time points (0.7 to 14.7 years of age) during the disease progression in the T1D group were selected for this study, which include the earliest time point possible in the longitudinal study, the time point prior to and after appearance of persistent islet autoimmunity, and the time point of clinical diagnosis. Sample selection of the control group was age and sex matched to the T1D group.
Pooled samples were created to represent different stages of disease development and also reflect the nature of each group. Aliquot of 5 μL from each sample within the first two time points of each group were pooled, so were the last two time points. Extraction of serum lipids was carried out following a modified Folch method [12] . Briefly, pooled samples were diluted with cold (− 20°C) chloroform/methanol (2:1, v/v) at ratio of 5:1 (solvent/sample ratio). The mixture was vortexed for 10 s, then set at room temperature for 10 min and vortexed again before centrifuging for 10 min at rate 10,000 RPM. The chloroform phase was collected to a glass vial, followed by evaporation of the extracted lipids to dryness under vacuum, and stored at − 80°C in nitrogen gas prior to further analysis.
Chemical reagents and standards
Ammonium formate, n-heptane, acetone, methanol, isopropanol (IPA), and water (Optima® LC-MS grade) were provided by Fisher Scientific (Fair Lawn, NJ). Acetonitrile (ACN) and formic acid were of LC/MS quality and acquired from Fluka (Germany). Chloroform (HPLC grade) and ammonia solution were purchased from Merck (Germany).
Lipid 
Mixed-mode LC fractionation of lipid classes
The mixed-mode LC separation was performed according to our previous published method using an Agilent HPLC equipped with a quaternary pump and an Agilent 1260 Infinity evaporative light scattering detector (ELSD) (Palo Alto, CA, USA) [12] . The method was run on a Chromolith Performance Si column (100 mm × 4.6 mm, macropore size 2.1 μm and mesopore size 13 nm, Merck, Darmstadt, Germany). The autosampler was set up at 23°C and the injection volume was 10 μL, equivalent to 100 μL of serum.
Overall, all lipid classes were collected into these fractions with the following order: CE and TG from 1 to 3.2 min; Chol and 1,3-DG from 3.21 to 4.1; 1,2-DG from 4.11 to 5.5 min; MG from 11 to 13.6 min; Cer from 13 
RPLC-MS/MS analysis
The RPLC-MS/MS analysis was performed as we reported previously [13] , using a Vanquish UHPLC system coupled to a high-resolution hybrid QuadrupoleOrbitrap mass spectrometer (QExactive HF, Thermo Fisher Scientific, USA). The separation was achieved using an Accucore C30 column (Thermo Fisher Scientific) maintained at 40°C and the gradient was delivered at a flow rate of 350 μL/min. The mobile phases A and B were ACN/H 2 O (60:40, v/v) and IPA/ ACN (90:10, v/v), respectively, both containing 10 mM NH 4 HCO 3 and 0.1% HCOOH [12, 13] . The sample tray was set at 15°C with the injection volume of 5 μL.
The following parameters were used in electrospray ionization: the spray voltage, the capillary temperature, and the heater temperature were at 3 kV, 350°C, and 400°C, respectively, for both ionization modes; the SLens RF level was set at 50. The Orbitrap mass analyzer was operated at a resolving power of 120,000 in fullscan mode (scan range, 114-1700 m/z; automatic gain control target, 1e 6 ) and of 30,000 in the Top20 datadependent MS2 mode (HCD fragmentation with stepped normalized collision energy: 25 and 30 in positive ion mode and 20, 24, and 28 in negative ion mode; maximum ion injection time, 100 ms; isolation window, 1 m/ z; automatic gain control target, 1e 5 with dynamic exclusion setting of 15 s).
Fatty acid analysis
The method for total fatty acid analysis was described in our previous work [12] . Briefly, total lipids were extracted from human serum and dried prior to hydrolysis and derivatization with 2 M KOH/CH 3 OH. The resulted fatty acid methyl esters (FAMEs) were extracted and profiled using an Agilent 7890 GC system (Agilent Technologies, Santa Clara, CA) coupled to a Leco Pegasus HT time-of-flight MS (Leco, St. Joseph, MI). A HP-88 column (100 m × 0.25 mm) with a film thickness of 0.2 μm (Agilent Technologies) was utilized for separation of FAMEs. Commercial FAMEs standard mixture (Agilent) was used as reference standards.
Data processing
All LC-MS/MS data files were processed using the LipidSearch software (version 4.1) (Thermo Fisher Scientific) to identify lipid molecular species within each lipid fraction. Settings of LipidSearch were as follows: precursor tolerance, 5 ppm; product tolerance, 5 ppm; product ion threshold, 5%; m-score threshold, 1; Quan m/z tolerance, ± 5 ppm; Quan RT (retention time) range, ± 0.5 min; use of main isomer filter and ID quality filters A, B, C, and D; adduct ions: +H and + NH 4 for positive ion mode, and -H, +HCOO, and -2H for negative ion mode. The lipid classes selected for the search were LPC, PC, LPE, PE, LPS, PS, LPG, PG, LPI, PI, LPA, PA, SM, MG, DG, TG, CL, So, Cer, and CE. The same lipid annotations identified within ± 0.1 min were merged into the aligned results. LipidSearch results were manually inspected for sn-positional assignment of fatty acyls according to corresponding fragment ion intensities in tandem mass spectrometry. Identification results were further filtered using the retention time-total fatty acyl chain length correlation and confident identification was also restricted to fatty acyl compositions provided by GC-MS-based total fatty acid analysis.
The resultant raw data files of the pre-T1D sample were processed using Progenesis QI (Nonlinear Dynamics, UK) for peak detection with the following parameters: peak percentage 0.04%, retention time windows from 1 to 25 min. All detected features were searched against our human serum lipid AMT library with matching tolerances of 0.2 min in retention time and 10 ppm in mass accuracy.
Results
Isomeric and isobaric lipid species are dominant in highly complex blood serum samples, in addition, highly abundant lipid species can mask the low abundant lipid species, and similarly the high ionization efficiency species can interfere with the detection of species with low ionization efficiency. Therefore, to broaden the coverage of serum lipidome and to provide highly confident lipid identification, a mixed-mode-LC coupled with an ELSD detector was used to fractionate the total lipid extract into different lipid classes according to the polarity of lipid head group, which is followed by further separation of the collected fractions into individual molecular species and structural characterization using RPLC-MS/MS analysis ( Fig. 1 ).
Fractionation of total lipid extracts using mixed-mode LC to simplify the sample complexity of downstream RPLC-MS/MS
We applied a previously optimized mixed-mode LC-ELSD method for class-level separation of lipids from total lipid extract of serum [12] . In total, 18 lipid classes and subclasses were detected and eluted in the order of increasing polarity (Fig. 2) , namely, cholesterol ester (CE), t riacylglycerol (TG), cholesterol (Chol), phosphatidylglycerol (PG), phosphatidylethanolamine (PE), ph os ph atid yle t ha no lamin e p l as malo ge n ( p-PE), lysophosphatidylglycerol (LPG), phosphatidylinositol (PI), phosphatidylserine (PS), lysophosphatidylethanolamine (LPE), phosphatidylcholine (PC), phosphatidylcholine plasmalogen (p-PC), sphingomyelin (SM), sn2-l y s o p h o s p h a t i d y l c h o l i n e ( s n 2 -L P C ) , a n d s n 1 --lysophosphatidylcholine (sn1-LPC); ceramide (Cer), 1,3-diacylglycerol (1,3-DG), and 1,2-diacylglycerol (1,2-DG) existed only in low level in serum; therefore, they were not labeled on the chromatogram. Because of the low levels of LPG, LPE, and LPI in the serum, they co-eluted with other glycerophospholipids, but this did not pose a challenge in downstream RPLC-MS/MS analysis as the co-eluting classes do not share isobaric species (Fig. 2) . Although mixed-mode LC-ELSD analysis can distinguish disease-associated dysregulation of metabolism at the lipid class level, overall, there were no noticeable class-level changes between the disease groups or between the early and late time points of each group.
RPLC-MS/MS analysis of lipid class fractions improved confidence in structural identification of lipid molecular species
With mixed-mode LC separation, the cross-class, isobaric species used to co-elute were separated into different fractions for further downstream RPLC-MS/MS-based molecular level separation and identification. This greatly improved the confidence of structural assignment. For instance, a full-scan MS of PC fraction showed a lipid species with a neutral mass of 755.5465 Da. According to Human Metabolome Data Base (www.hmdb.ca) and LIPID MAPS (www.lipidmaps.org), 32 and 28 isomeric lipid species from different lipid classes are associated with this mass, respectively, each with a unique composition. However, because this species was from the PC fraction, we limited the database search space of LipidSearch to PC when processing the RPLC-MS/ MS raw data of this fraction. Specifically, the precursor ion at m/z 756.5529 ([M+H] + ) was selected for MS/MS fragmentation in positive ionization mode. As shown in Fig. 3a , the base peak at m/z 184.0733-a signature ion of phosphocholine head group confirmed the identity of the fraction collected in the mixed-mode LC separation as PC. Similarly, m/z 800.5445 ([M+HCOO] − ) was selected in the negative ionization mode for MS/MS, and it aligned well in retention time (< 0.1 min) with the positive mode data. As shown in Fig. 3b Fig. 1 Workflow to create the accurate mass and time tag library for serum lipids. Total lipids were extracted from pooled samples. In the first dimension of LC separation, fractions containing lipid classes from total lipid extraction were separated and collected using mixed-mode LC-ELSD and further analyzed at the molecular level in the second LC dimension using RPLC-MS/MS. Putative identifications obtained from the automated data processing software LipidSearch were manually validated using multiple data filtering criteria ( 1 has been commonly used to assign the sn-positions, there are reported exceptions to this rule and it casts doubt on solely relying on this ratio to assign the sn--position when using different collision energies [28] [29] [30] [31] . Therefore, we performed MS/MS for glycerolphospholipids and triacylglycerols standards containing different compositions of fatty acyl chains. These standards were studied with the stepped collision energy listed in the method section, under both direct infusion and LC-MS conditions. In agreement with the literature [13, 29, [32] [33] [34] [35] − is consistently smaller than 1 at different normalized collision energy. As a result, majority of the lipid species identified in this work have clear annotation of sn-positions using the "/"; for lipids with uncertainty in assigning the sn-position, we annotated it with "_" [36, 37] .
Elution order of lipids on RPLC column depends on the total carbon number and degree of unsaturation of the fatty acyls
Relative retention on RPLC column depends on the hydrophobicity of analyte, the more hydrophobic, the later it elutes. In the case of lipids, this is determined primarily by the length and saturation of fatty acyls. This rule is especially true for the molecular species within the same class of lipids, where all species share the same head group [38, 39] . We plotted the retention time versus the total carbon number of fatty acyls and observed, as shown in Fig. 4 species in each class. In these plots, we observed species with the same number of total carbon but different retention time. By studying their MS/MS profile in both positive and negative modes, we confirmed they are sn-position isomers. Nevertheless, the correlation coefficients R 2 are greater than 0.99 in all plots. To our knowledge, this is the most comprehensive determination of the dependence between elution order and total carbon number of various species of different lipid classes.
Similar correlation was observed for the fatty acyls containing one, two, and multiple double bonds (Fig. 5) . Compared with lipids containing fully saturated fatty acyls, more lipid molecules with the same total number of carbon and double bond exhibited different retention time (vertically lined dots). These species are isomers with different compositions of fatty acyl chains, in particular the C=C positional isomers, as the interactions are slightly different between different locations of C=C double bond and the C30 RPLC column. As a result of the presence of these isomeric lipid species, the correlation R 2 are slightly lower than the values of the fully saturated lipids in Fig. 4 , but still are greater than 0.97 with the species having less than three double bonds. When the lipid species have at least three double bonds, the correlation R 2 were generally reduced, with the SM and TG lipids significantly reduced to > 0.80. Overall, PC had the highest correlation between retention time and total carbon number, even when the degree of unsaturation increased, while TG and SM had a lower correlation coefficient due to the complexity of the structures and a higher number of isomers (more vertical dots) for each species.
In addition, higher degree of unsaturation resulted in the lipid species eluting earlier when comparing the lipid species with the same total number of carbon and different number of double bonds, i.e. for the same lipid class, the X:2 lipid species eluted earlier than X:1 when X is identical (Fig. 5) , which is in agreement with previous report [38] . It is of note that the excellent correlation observed between the retention time on RPLC and the length and degree of unsaturation of fatty acyls provide a way to filter the output of the LipidSearch software. As a result, those putative lipid identifications that deviated from the established regression curves were further filtered out and not counted as valid. 
GC-MS-based fatty acyl analysis improved confidence in identification of fatty acyl composition of lipids
Lipidomics research requires automated data annotation software, particularly at the initial identification stage. The LipidSearch software is highly sensitive in peak detection; hence, often times, species in the noise were considered as identifications. Another observation from using LipidSearch as well as other automated software is the ability to identify "biological impossible" lipids due to the input of the in silico library. The large number of putative identifications resulting from combinatorial enumeration inevitably generates large number of false positive identifications. To this end, we performed fatty acyl methyl ester analysis using GC-MS by derivatizing the fatty acyls hydrolyzed from lipid backbone under alkaline methanol condition. Using methyl ester derivatives of fatty acid standards as reference, fatty acyl chains of serum lipids were analyzed. Results showed that the fatty acyl chain lengths varied from 8 to 24 carbons, including the odd numbered chains, and the degree of unsaturation varied from 0 to 6. While it is possible that serum lipids contain unique fatty acyls of odd numbered carbon (> 21 carbons) or more than 6 double bonds, their low abundance in these serum samples did not provide strong enough justification for the inclusion of these fatty acyls as valid lipid identifications. Based on the results of fatty acyl analysis, we filtered out the putative lipid identifications to limit the valid identifications only to those ones containing the detected fatty acyls.
Contents and characteristics of the human serum lipid library
Using the offline 2D-LC-MS/MS approach and the data filtering and validating approaches mentioned above, we confidently identified 753 lipid molecular species in healthy control and pre-T1D human sera. The curated library, as provided in Table S1 (see the Electronic Supplementary Material (ESM)), contains information of accurate mass and RPLC retention time for each identified species. Overall, these 753 lipid molecules belong to 13 major lipid classes: Cer, DG, LPC, LPE, LPI, LPG, TG, PC, PI, PE, PS, PG, and SM (Fig. 6) . The subclasses including plasmalogen and sn-position (1,3-and 1,2-DG and sn-1/sn-2 LPC) were combined and reported under their corresponding representative classes such as DG, PC, PE, LPE and LPC. Every lipid class was detected in both positive and negative ionization mode, except TG and Cer, which were solely in positive mode. [ 
HCOO]
− in the negative mode. In total, 88% of the lipids within our human serum lipid library are unsaturated lipid species, with 83% of them being polyunsaturated (degree of unsaturation > 2). Majority of the species observed belong to TG, SM, PC, and PE classes. Cer species are composed of fatty acids of 16 to 24 carbons, with the majority having one to two double bonds and an appearance of the odd long chain base d17:1. Both 1,2-DG and 1,3-DG were detected, with a predominance of polyunsaturated 1,2-DG species. Lyso-glycerophospholipids (LPLs) including LPC, LPI, LPG, and LPE were also found in the serum sample with a diverse fatty acyl chain length of 12-22 carbon. LPC is the most dominant LPLs with the strong preference of sn-1 over sn-2 isomers. Moreover, we were able to clearly identify plasmanyl and plasmenyl PLs using their distinct MS/MS fragments. We further plotted the spatial distribution of all lipids included in the library in the two-dimensional spaces of RPLC retention time and m/z. As shown in Fig. 7 , clusters of lipids with mass ranges from 400 to 600 Da, 500 to 900 Da, and > 900 Da eluted in the following order: earlier than 5 min, 5.5-17 min, and after 17 to 25 min, respectively. Clearly, many isobaric and isomers species overlapped and it would be challenging to identify them if only using RPLC-MS/MS. The only lipid class that was separated well from others on RPLC is the highly non-polar TG. Lipid species belonging to LPLs eluted together, and GPLs (PC, PE, PI, PS) co-eluted with the DG, SM, and Cer species. However, DG and Cer species have a different mass range from phospholipids. Conversely, with mixed-mode LC, we increased the level of confidence in lipid identification because a correct identification needs to come from the right fraction (lipid class) and matches with the accurate mass and the elution order.
Application of the lipid library to identify lipids from serum sample
As a demonstration of the utility of the curated library in identification of lipids from biological sample, total lipids extracted from one individual pre-T1D serum sample were directly analyzed by RPLC-MS/MS without fractionation at lipid class level and raw data files were processed using two approaches-without and with our AMT serum lipids database. In the first approach, the raw data were processed directly using the LipidSearch software resulting into 217 lipid species identified with assignment of sn-positions. In the second approach, the resultant raw data were processed using the Progenesis QI software. Detected features from Progenesis QI were searched against the curated human serum lipid library based on the accurate mass and RPLC retention time of each lipid molecular species. In total, we identified 412 molecular lipids in one individual pre-T1D serum sample, as summarized in Fig. 8 . Fig. 7 Individual lipid molecular species identified in human sera, plotted with their respective m/z and retention time (min) on the RPLC. Identification of these lipid molecular species was facilitated by lipid class level fractionation using mixed-mode LC-ELSD and molecular species level separation using RPLC-MS/ MS. Fig. 8 Number of lipid species identified from a T1D serum sample. Progenesis QI was used to match the LC-MS profiles of the T1D serum sample to the serum lipid AMT library serum database, we are able to increase the number of identification significantly, mostly from the low abundant species.
Discussion
There has been an increased interest in comprehensively characterizing the human serum lipidome for its use in disease diagnosis. However, due to the complexity of blood serum samples, it is commonly recognized that many lipid species are unlikely to be detected due to their low abundance in serum, which is further hindered by the limited resolving power of one-dimensional LC separation and the under-sampling issue of data-dependent MS/MS. The accurate mass and time (AMT) tag approach was initially developed for high-throughput proteomics to provide extensive coverage of complex peptide mixtures by taking advantage of the high resolution and wide dynamic range of the MS scans, which largely overcame the undersampling issue in MS/MS-based peptide identification [22] . The concept employed in AMT tag-based proteomics studies could be applied to study other biomolecules, such as lipids [24] . Specifically, if an AMT tag library can be generated for various lipid species using a reproducible and robust LC-MS platform, then lipids from different samples of the same type of specimen could be analyzed in high throughput using the identical platform, where the AMT tag library would serve as a look-up table for lipid identification using LC retention time and accurate mass instead of relying on the MS/MS spectrum. To achieve this, we em pl oyed offline twodimensional LC separation [12] , which used mixedmode LC in the first dimension to fractionate the total lipid extract into lipid classes, followed by reversedphase LC separation to further separate lipids in the same class into molecular species. The chromatographic separation and mass spectrometric detection conditions have previously been optimized in our laboratory, which doubled the coverage of rat serum and liver lipidome compared to using RPLC-MS/MS alone. Fractionating total lipid extract into different lipid classes prior to the second dimensional RPLC-MS/MS analysis is critical for building the library, as it greatly increased the confidence in lipid identification process by limiting the cross contamination of co-eluting isobaric/isomeric species between different lipid classes. For example, isobaric PC and SM can be challenging to differentiate when co-eluted on RPLC column because they share the common characteristic fragment ion (phosphocholine head group) in positive ionization mode [40] . However, the ambiguities in identification can be eliminated with additional dimension of separation provided by mixedmode LC on which SM is clearly separated from PC.
Automated lipid identification programs, such as LipidSearch, are powerful in identification of lipid molecular species based on pre-configured fragmentation rules [18] . However, not all MS/MS spectra acquired from real biological samples are of high quality, which can be further complicated by lipids co-eluted and co-fragmented within the precursor ion selection window. This undoubtedly poses a challenge in structural elucidation when only head group-specific ions can be observed. As an effort to improve the confidence of identified lipids, we did total fatty acyl analysis using GC-MS to limit the composition of identified lipids only to those detected fatty acyls. We also observed a rigorous dependence between the RPLC retention time and the sum composition of total carbon number of all fatty acyls, which was used to further remove the putative lipid identifications not following the trend line.
The can be used to assign the fatty acyl positions in most of lipid classes under our experimental conditions, i.e., NCE 20-30 under HCD. Thus, within the stepped collision energies used in this work, we ruled out their effects on reversing the ratio of carboxylate anions.
Results from mixed-mode LC separation showed that there were no noticeable lipid class-level changes between healthy and T1D groups or between the early and late time points of each group. Considering the samples used in this study were collected from patients older than 8 months and pooled from 25 subjects and two time points, our observation is somewhat in agreement with the serum lipid profile changes reported for the Finnish Type 1 Diabetes Prediction and Prevention cohort (DIPP) study, where the lipidomic profile changes associated with the progression of T1D appear to be most pronounced in children at 3 months of age [6] . Nevertheless, no change at the lipid class level further underline the importance of separating lipids at the molecular species level.
In agreement with the literature, our finding revealed that TG, PC, and SM are predominant lipids in human serum, with TG comprising over 50% of lipids having more than 52 fatty acyl carbon atoms [44, 45] . Compared to the previous published human plasma/serum lipidome, our lipid library provided unambiguous identifications at the level of sn-assignment for most of the glycerolphospholipids [45] [46] [47] . Although gene r a l l y n o t n at i v e to m a m m a l i a n c e l l li p i d o m e , glycerolphospholipids containing odd chain fatty acyls and longer chain fatty acyls on the sn-1 position were also observed and passed our validation criteria. It is of note that, despite cholesterol and fatty acids being abundant classes observed in the mixed-mode LC (Fig. 2) , we did not perform identification of these two classes at the molecular level. Cholesterols have been known to ionize poorly with electrospray ionization unless derivatized to cholesterol esters [48] , and therefore, traditionally cholesterols are ionized with chemical or photoionization techniques and not suitable for detection using our electrospray ionization-based platform. With respect to identification of free fatty acids, the main fragment ions resulted from CO 2 loss requires NCE > 50 [49] , which greatly exceed the NCE used for other lipid classes.
In summary, using orthogonal and highly resolving separation methods of mixed-mode LC and RPLC in conjunction with high-resolution tandem mass spectrometry and multiple levels of data filtering and validation, we have created a comprehensive human serum lipid library containing 753 lipid molecular species, with accurate mass and retention time annotated for each lipid molecule and with confident assignment of fatty acyl sn-positions for most of the species. This library not only provides a comprehensive resource for studies of T1D, it will also be valuable for biomarker studies of other childhood diseases.
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